We investigated the impact of surface oxygen on the ion yield for He 
Introduction
The formation of metal oxides on surfaces is of high technological interest due to their relevance in e.g. catalysis and corrosion processes or as active component in sensors. The initial stages of oxidation processes are often studied via scanning tunneling microscopy and spectroscopy [1] . Also X-ray photoelectron spectroscopy (XPS) [2] and low electron energy diffraction (LEED) are widely used. A direct and non-destructive alternative to study composition and structure of surfaces simultaneously with subnanometer resolution is low energy ion scattering (LEIS). Typical applications of LEIS are found in surface structure analysis [3] , e.g. for catalytic surfaces [4] , monitoring of in-situ growth [5, 6] or for real space crystallography of the surface [7] . Ultimate surface sensitivity results from the high neutralization probabilities of the commonly employed noble gas ions in an energy regime with primary energies E0 ≤ 5 keV. When single crystals are used as targets, ions scattered from deeper layers can be additionally suppressed due to shadowing and blocking effects, yielding even enhanced surface sensitivity for noble gas ions [8] and excellent sensitivity also for alkali projectiles [9, 10] .
The ion fraction P + is the physical quantity, which describes the integral charge exchange behavior of backscattered projectiles. The two main charge exchange mechanism in LEIS using noble gas projectiles are (a) Auger neutralization (AN) and (b) resonant processes -ionization (RI) and neutralization (RN) [11] . Auger neutralization along the ion trajectory is possible for all primary energies and is considered to depend exclusively on the interaction time of the projectile and the target. If only Auger process are possible P + scales exponentially with the inverse perpendicular velocity of the projectile ⊥ and a characteristic velocity [12] :
For the resonant processes to occur, the projectile-nuclei distance in the collision has to be smaller than a critical distance rc, which is projectile-target dependent. For a given scattering geometry, this minimum distance can be converted in a threshold energy Eth, above which the resonant charge exchange processes (RN and RI) are enabled. In this resonant regime, projectiles scattered from deeper layers and re-ionized in a final close collision near the surface can additionally contribute to the spectra of backscattered ions [11] .
The experimentally accessible quantity in typical LEIS analysis is the ion yield Y + . This quantity, in 3 the information depth in LEIS increases with E > Eth, which can cause additional systematic uncertainties in quantification. For several systems this influence from sub-surface contributions has been assessed, in particular for Au, Al and Cu [8, 15, 16] , which indicated a dependence on surface orientation, with smaller contributions for less open surfaces. For the latter the sub-surface signal was commonly found small compared to the signal from the outermost layer. Finally, also impurities can complicate the surface structure and hamper direct evaluation of ion fractions. In particular, O significantly influences the intensity and shape of spectra obtained from backscattered ions, and matrix effects have been observed for several different systems [6, 13, 14] .
In this contribution, we study the influence of surface oxygen on energy dependence and intensity of the ion yields for single crystalline Al(111) and Ta(111) surfaces. Specifically, we have exposed initially clean surfaces to different doses of oxygen and continually recorded the ion signal obtained, both from the metal constituent and from oxygen. This procedure was performed for a number of different ion energies. The choice of Al and Ta is made due to their similarly low threshold energy of Eth ~ 300 eV [17] and different surface geometry (fcc vs. bcc).
Methods
For the present investigations we used the electrostatic analyzer (ESA)-LEIS setup Minimobis [18] at the Johannes Kepler University Linz. The scattering chamber features a base pressure of < 5x10 -10 mbar.
Additionally, LN2 cooling traps are used to optimize the base pressure during experiments. The measurement geometry is fixed: the primary beam hits the target in normal incidence and only ions leaving the target in a direction equivalent to a scattering angle of = 136° ± 1° are detected by micro channel plates, with an azimuthal acceptance angle of 2π.
The yield of backscattered ions from species i, Yi + , depends on its the surface coverage ci in atoms/cm 2 , the ion fraction, the differential scattering cross section (dσ/dΩ)i, the number of primary ions N0 as well as on setup specific factors: the spectrometer efficiency ηi + , the transmission function of the cylindrical mirror analyzer T(E) and the detector solid angle element dΩ. 4 additional screening length correction. Note, that uncertainties in the employed potential will systematically influence absolute evaluation of either surface coverage or ion fraction from ion yields.
The transmission function of the cylindrical mirror analyzer is obtained from measurements performed on a clean polycrystalline Cu sample -a well-known system [21] . In general, T(E) can be expressed as a product of an energy dependent part, which is, in good approximation, expected to be proportional to E, and a scaling factor j ( ) = • .
Before measurements, all investigated samples were cleaned by 3 keV Ar + sputter and annealing cycles to remove surface contaminations. This cleaning procedure was performed until no increase in the current-normalized surface peak area of the signal of the metal was visible. For the exposure measurements molecular oxygen was introduced into the scattering chamber with maximum pressures up to 10 -7 mbar.
During exposures the ion yields of He for scattering on oxygen and the host material are recorded for constant primary energy. This procedure is performed until a saturation in the surface area of oxygen and the host material is achieved. A stable surface oxide is reached at exposure doses of ~ 1200 L for
Al [2] and ~ 10 L for Ta [22, 23] with 1 L = 1.33x10 -6 mbar‫﮲‬s. Several series were performed for different primary ion energies ranging from 0.65 keV to 3 keV. All the presented measurements were conducted at room temperature.
Results and discussion
3.1 Peak shape analysis Figure 1 shows the ion signal for 3 keV He + scattered from a clean, single-crystalline Al(111) surface.
Neglecting electronic energy loss, the final energy of the projectile after a binary collision (peak position of the ion signal) can be expressed in terms of the primary energy E0 and the kinematic factor k. The latter depends on the masses of the projectile and target atom as well as the scattering angle. However, the peak position, i.e. the maximum intensity of backscattered projectiles, typically is found at a lower energy than kE0 due to interactions of the projectile with the target electrons causing a deceleration of the projectile (electronic stopping). The asymmetric shape of the Al peak is mainly due to contributions of re-ionized projectiles scattered from the surface [15] . Projectiles scattered from deeper layers, which are re-ionized on the exit trajectory, result in a continuous background for Eth < E < kE0. The tail at E > kE0 contains dual and plural scattering contributions.
To obtain the ion yield for Al in Fig. 3 , the peak can be fitted with two Gaussians under consideration of the background (dash-dotted line). The peak position of the two Gaussians differs by ~ 20 eV, representing contributions from either projectiles surviving AN (black dashed line) or from re-ionized projectiles (black dotted line), both scattered from the surface [15] . If the distance between the two peaks were larger than their combined FWHM, information on both Auger neutralization and re-ionization efficiency could be straightforward deduced. However, typically these two contributions cannot be disentangled as can be seen in Fig. 1 . Alternatively, the integral over the peak for Al can be evaluated again with subtraction of the background. The resulting peak areas for Al obtained with either two Gaussians or the integral -both without contributions from the background -differ by less than 5 %. Due to the inseparability of the contributions from either survivals or re-ionized projectiles, we focus on the integral over the peak.
To improve comparability between the ion yields for different materials and primary energies, we typically plot normalized ion signals with
According to Eq. 2, + corresponds to the product of surface coverage and ion fraction with a constant scaling factor j. Consequently, information about the neutralization efficiency can be obtained from these normalized signals. and therefore, different oxygen coverages for the two primary energies, albeit we followed the same sample preparation and oxidation protocol. Additionally, previous investigations showed only minor sub-surface contributions to the ion yields to be expected in the employed energy regime for the investigated system [15] .
An overall investigation of the shape and intensity of the ion spectra in Fig. 2 shows, that not only the ion yield of Al differs between the metallic and oxidized surface, but the oxidation can also have an influence on the re-ionization background as it was observed for Zn and Ta [6] . For a primary energy of 1 keV, the background in Fig. 2 at half the primary energy due to projectiles scattered from deeper layers does not change with oxidation while for 3 keV, it is lower in the oxide than in the metal, similarly as for Ta [6] . However, this difference in the background with its low intensity with respect to the single scattering peaks cannot explain the observed different scaling with energy in the ion fraction for O and
Al. In the following, we therefore, exclusively focus on the ion yields deduced from the peak signals.
For these, also the apparent difference in scattering kinematics is expected to be only of minor importance [28] .
In Fig. 3 the ion yields for Al and O as a function of exposure are plotted for different primary energies:
0.65 keV (green asterisks), 1 keV (black squares), 1.5 keV (red circles) and 3 keV (blue triangles).
Panel (a) depicts the ion yield Al,AlO + normalized according to Eq. 3. The signal intensity at a given exposure, i.e. surface composition, is found to vary with primary energy, which due to the definition of + , can be either due to different ion fractions or different information depths. However, the information depth is supposed to have only a minor influence on the ion yield [15, 16] and the occurring differences can be exclusively explained by the expected energy dependence of the ion fraction for Al [15] . In panel exposure dose L and a characteristic exposure parameter L0. We included a fit for the primary energy of 1 keV in Fig. 3(b) and (c) with L0 = 100 L. The fit quality illustrates, that the ion yields for both Al and O can well be described in a single model for the oxidation process. A comparison of the oxygen data sets shows, that the O2 dose necessary to reach a steady equilibrium is constant for all investigated primary energies indicating a constant information depth. The corresponding intensities of the O signals show only a weak dependence on the energy, compared to the signal from the metal constituent. In fact, data are similar for the data sets with E0 ≤ 1.5 keV, whereas only at 3 keV the ion yield is significantly higher. Assuming equal surface composition for the same exposure dose, either the ion fraction for O scales weakly with energy in contrast to the Al + or information depth and ion fraction are changing such that the product only shows a weak energy dependency.
To summarize, in Fig. 2 and 3 , two key features of the ion yield for Al and O, respectively, were observed. The reduction in the ion yield for Al in the transition from the clean to the oxidized state by a factor of ~ 4 can only partly be explained by different surface coverages. Consequently, the ion fraction, and therefore, the neutralization efficiency for Al has to be different for the clean metal and in the oxide.
This matrix effect in the ion yield, however, is mostly independent of the primary energy as can be seen from the uniform exposure curves for Al in Fig. 3(b) resulting in an energy independent final exposure state. Alternatively, only a simultaneous change in information depth and ion fraction could explain this constant factor obtained for the different primary energies. For the O signal we observe similar ion yields at the final exposure dose for E0 ≤ 1.5 keV, only the 3 keV data deviate. A constant O,AlO + would require the product of surface coverage and ion fraction to be constant. With previous observations of only minor subsurface contributions in the ion yield for the present system and the assumption of the same surface coverage for a given exposure dose, the ion fraction has to have only a weak energy dependency in contrast to the typically studied metals. Note, the linear scale for the O signal in Fig. 3(c) vs. the logarithmic scale for the Al signal in Fig. 3(a) . This observation is well in agreement with the analysis performed on the spectra shown in Fig. 2 requiring a strong difference in the energy scaling of the underlying neutralization mechanisms for O compared to Al.
To study the nature of the observed effects in more detail, and extract possible information on the charge exchange processes, we performed further measurements on the initial and final states of the exposure curves, without the constraint of continuous monitoring during exposure. Thus, in the following we compare for an increased number of energies the ion yield for Al and O in the clean and oxidized surface.
To avoid any assumptions of the surface coverage in the oxide, Fig. 4 shows the normalized ion yield + , which is according to Eq. With ongoing exposure, also differences in the peak positions are observed. In Fig. 5 The inset in Fig. 5 shows that during exposure to O2 the FWHM of the Al peak remains constant. However, as indicated in Fig. 1 , we cannot disentangle contributions from the surface for projectiles surviving AN or being re-ionized. Therefore, we cannot draw any conclusions concerning Auger and resonant neutralization efficiencies separately, but we observe that any changes of both neutralization mechanisms are such, that the width of the surface peak stays constant. for O compared to Ta is necessary. However, even with a factor of 2 in the surface atom densities the neutralization efficiency for Ta would be higher for energies below 2 keV. 
Summary & Conclusions
We measured the ion yields for He + backscattered from single crystalline Al(111) and Ta(111) as a function of O2 exposure for four different primary energies. For Al(111) the ratio of the ion yields of the metal for the clean and oxidized surface is independent of the primary energy. Based on the observation from previous investigations that the ion yield only shows minor sub-surface contributions for less open surfaces, this constant ratio implies that the ion fraction of Al in the pure metal and its oxide exhibits the same energy dependency. The absolute values of the ion fractions, however, are found different from the expected surface structures, which constitutes an energy-independent matrix effect.
For the Ta(111) surface, dependent on the employed primary ion energy, different oxygen doses are necessary to reach saturation in the ion yields for Ta in the oxidation process. This observation indicates different information depths, attributed to the open bcc (111) structure. Additionally, the ion yields for both, energy and surface composition.
For the oxidation of both Al and Ta, the O2 dose necessary to reach a saturation in the ion yield for O was found to be independent of the primary energy. This fact indicates similar information depths for O, i.e. high surface sensitivity in both systems. Compared to the metal constituents and the majority of systems described in literature [11] only a weak energy dependence of the O signal in the oxidized samples is observed. Within experimental uncertainty, the O signal does not show a dependence on the matrix, a result substantially different from what has been observed for other light species e.g. carbon [31] . At the same time, this observation is in accordance with expectations of the electronic configuration of O in different oxides being similar with a strongly covalent character of the bond with all valence electrons located at the anion and identical interaction with slow ions [32] .
The peak position for both metals shifts towards lower energies with ongoing exposure, whereas the position of the O peak does either not change at all or only slightly increases. These opposing effects allow the exclusion of any charging effects and point towards a preferential location of the O atoms in front of the first metal layer.
